Abstract: ZrB 2 -SiC-C f composites containing 20-50 vol% short carbon fibers were hot pressed at low sintering temperature (1450 ℃) using nanosized ZrB 2 powders, in which the fiber degradation was effectively inhibited. The strain-to-failure values of such composites increased with increasing fiber content, and the value for the composite with 50 vol% C f was even more than 3 times higher than that of the composite with 20 vol% C f . Furthermore, the composite exhibited non-brittle fracture mode when the fiber content was above 30 vol%, and the thermal shock critical temperature difference of the composite with 30 vol% C f was up to 727 ℃, revealing excellent thermal shock resistance of this composite. Additionally, ZrB 2 -SiC-C f composites displayed good oxidation resistance when the fiber content was below 40 vol%, suggesting that this method provides a promising way for preparation of high-performance ZrB 2 -SiC-C f composites at low temperature.
Introduction
In recent years, ultra-high temperature ceramics (UHTCs) have attracted much attention because of their unique combination of properties, including high melting point, great strength, high electrical and thermal conductivities, excellent corrosion resistance, as well as good oxidation resistance [1] . ZrB 2 has a relatively low density compared with other UHTCs, which makes it a promising material for use in extreme environments, such as sharp leading edge and control surface components on hypersonic vehicles [2] [3] [4] . ZrB 2 -SiC composites are currently considered as the baseline ultra-high temperature ceramic composites owing to the fact that the introduction of SiC not only improves the mechanical properties of ZrB 2 by inhibiting the grain growth during sintering, but also increases the oxidation resistance of ZrB 2 by promoting the formation of silicate-based glasses that inhibit oxidation at temperatures between 800 and 1700 ℃ [5] . However, the inherent brittleness and poor thermal shock resistance of ZrB 2 -SiC ceramics are still obstacles for their engineering applications [6] . Therefore, great efforts have been employed to toughen ZrB 2 -based composites and push forward their application limits, and a variety of reinforcements such as particles [7] , graphite flakes [8] , whiskers [9] , and fibers [10, 11] have been adopted to toughen ZrB 2 -based UHTCs through different toughening mechanisms. Among these, fiber with large aspect ratio is the most promising reinforcement due to its effective toughening mechanisms (e.g., fiber pullout, fiber-matrix interface debonding, crack deflection, and fiber bridging). Meanwhile, carbon additives, for example in the form of carbon black [12, 13] , fiber [14] [15] [16] [17] , nanotube [18, 19] , graphite [8, 20] , or graphene [21, 22] , can react with and eliminate the surface oxide impurities, which promote the sinterability by minimizing the grain growth in ZrB 2 -SiC composites.
Carbon fiber has demonstrated its feasibility as structural material in aerospace and aeronautic industries due to its high strength, low density, and good thermal stability. It is also a very good reinforcement in strengthening and/or toughening ceramics and improving thermal shock resistance of ceramics [23] . Recently, researchers have become increasingly concerned about the carbon fiber reinforced ZrB 2 -based ceramics since they offer a great potential for improving the fracture toughness and thermal shock resistance of ZrB 2 -based UHTCs. Nevertheless, one of the obstacles for real application of the composites is the degradation of carbon fibers caused by fiber graphitization as well as the reaction between ceramic matrix and fibers at high sintering temperature [24] .
Researchers have shown that severe degradation of carbon fibers is detected in ZrB 2 -or HfB 2 -based ceramics by hot pressing at high temperatures (2000-2100 ℃) and just a few fibers are pulled out from the fracture surfaces of materials [25] [26] [27] [28] . Similar results were obtained in the carbon fiber reinforced ZrB 2 -based composites fabricated by SPS at 1900 ℃ with a short sintering time [16] , indicating that the high sintering temperature rather than sintering time is the dominant factor that causes the degradation of carbon fibers. Thereby, it is necessary to reduce the sintering temperature of carbon fiber reinforced ZrB 2 -based ceramic composites. The strategy typically adopted to lower the sintering temperature and enhance sinterability of ZrB 2 is to use nanosized powders as starting material instead of micron sized powders since the sintering activity of nanosized particles is dramatically higher than that of their micron sized counterparts [29] [30] [31] [32] . No open literature has reported the fabrication of ZrB 2 -SiC-C f composites by low temperature (below 1500 ℃ ) hot pressing using nanosized ZrB 2 powders, and the thermal shock resistance of these composites has not been reported as well to the best of our knowledge.
In the present work, we attempt to fabricate carbon fiber reinforced ZrB 2 -SiC composites by hot pressing at low temperature using nanosized ZrB 2 powders to avoid fiber degradation. In addition, the influences of carbon fiber volume fraction on the relative density, microstructure, mechanical properties, oxidation resistance, as well as thermal shock resistance of the composites were systematically investigated.
Experimental process
Commercially available ZrB 2 powders (D 50 = 150 nm, > 99% purity, Beijing HWRK Chem Co. Ltd., China), SiC powders (D 50 = 0.45 m, > 99% purity, Kaihua, China), and T800 carbon fibers (5 μm in diameter, Torayca Co. Ltd., Tokyo, Japan) were used as raw materials. The carbon fibers were chopped into ~2 mm short fibers. The ZrB 2 and 20 vol% SiC powders containing 20-50 vol% carbon fibers were ultrasonically dispersed (KR-1200, KER Co. Ltd., Shenyang, China) for 1 h and then ball milled (GCQM-2L, GCKY Co. Ltd., Nanjing, China) for 10 h in a polyethylene bottle using WC balls and ethanol as the grinding media. To minimize segregation caused by sedimentation during drying, the slurry was dried in a rotary evaporator (R502B, Shensheng Technology Co. Ltd., Shanghai, China) at 75 ℃ in a vacuum of 200 mm Hg with a rotation speed of 40 rpm. Figure 1 shows the scanning electron microscopy (SEM) images of the starting ZrB 2 powders and the mixed ZrB 2 -20 vol% SiC-30 vol% C f powders. The dried powders were heated in a resistance-heated graphite furnace (CXZT-45-23Y, Chen Xin Electric Furnace Co. Ltd., Shanghai, China) at 15 ℃/min in vacuum (~20 Pa) to 1450 ℃ with a uniaxial load of 30 MPa and a dwelling time of 2 h at this temperature. After sintering, the furnace was cooled at ~20 ℃/min to room temperature. Table 1 shows the name and composition of samples prepared in the present study. The bulk densities of sintered specimens were measured by the Archimedes' method with deionized water as the immersing medium. Relative densities were calculated dividing bulk densities by the theoretical densities based on the law of mixture.
Flexural strength was tested in three-point bending on 3 mm × 4 mm × 36 mm bars, using a 30 mm span and a crosshead speed of 0.5 mm/min. Fracture toughness was evaluated by a single-edge notched beam (SENB) method with a 16 mm span using 2 mm × 4 mm × 22 mm test bars and a crosshead speed of 0.05 mm/min. Specimens for flexural strength and fracture toughness testing were prepared by diamond polishing to a 0.5 m finish, and the reported averages and standard deviations were calculated from a minimum of six bars.
A water-quenching technique was used for thermal shock tests. The specimens were heated at a rate of 10 ℃/min to a preset temperature (200-800 ℃) in a resistance furnace in air and held at this temperature for 30 min. Then, the specimens were subjected to thermal shock by quenching them into water bath from the preset temperatures, and the residual flexural strengths of the specimens after quenching were measured by three-point bending test. The measured thermal shock critical temperature difference ( c T  ) value was defined as 70% of the room temperature strength, which was determined using linear interpolation of the residual strength values as described in ASTM C1525-04 [33] .
The oxidation behavior of the samples was investigated using isothermal tests at 1500 ℃ in static air for 1 h.
Microstructure of the samples was analyzed by scanning electron microscopy (SEM, FEI Sirion, Holland) with energy dispersion spectroscopy (EDS), transmission electron microscopy, and high-resolution transmission electron microscopy (TEM and HR-TEM, Tecnai G 2 -F30, USA). The preparation of TEM samples was performed by focused ion beam (FIB, FEI 600i, USA).
Results and discussion

1 Microstructure
SEM images of the polished surfaces of ZrB 2 -SiC-C f composites are shown in Fig. 2 . Short fibers with an average length of ~150 m are uniformly distributed among ceramic matrix, lower than their original length (~2 mm). The decrease in fiber length is caused by both the colliding of WC balls during ball milling and the applied pressure during sintering [34] . Figure 3 shows the microstructures of fracture surfaces of ZrB 2 -SiC-C f composites, in which the structural integrity of the fibers is well preserved implying that the degradation of fibers is effectively inhibited owing to the low sintering temperature. In addition, fiber debonding and pullout are clearly observed on the fracture surfaces of ZrB 2 -SiC-C f composites and the average pullout length increases with the increasing fiber content. The interfacial bonding strength between fibers and ceramic matrix can be evaluated by the fiber pullout length. An extensive fiber pullout indicates a relatively weak fibermatrix interfacial bonding, while a flat fracture surface suggests a strong fibermatrix interfacial bonding [35] . This interaction between the fibers and matrix determines the fracture mode of the composite, that is, a strong interface leads to a brittle composite, whereas a weak interface allows fiber debonding and the composite exhibits a non-brittle failure mode [36] . ZSC20 exhibits a strong fibermatrix interfacial bonding since few fibers pull out from the fracture surface resulting in a brittle fracture mode of this sample, whereas numerous fibers pull out from the fracture surface of ZSC30 leading to a non-brittle fracture mode and an increased fracture toughness of this sample compared with that of ZSC20. However, further increase in fiber content has a negative effect on the improvement of fracture toughness of the composite, which could be ascribed to the significant reduction of relative density. TEM analysis was also performed for ZSC30 to further characterize the interfaces between fibers and ceramic matrix. The bright field image and element distribution on the observed area of ZSC30 are exhibited in Fig. 4 . In addition to the main elements, including Zr, B, Si, and C, a certain amount of O element is also detected. According to the element distribution in ZSC30, the corresponding phases including ZrB 2 , SiC, ZrO 2 , and carbon fiber are marked in Fig. 4 , in which ZrO 2 impurity mainly comes from Fig. 1 . Typical ZrB 2 /C f , SiC/C f , and ZrO 2 /C f interfaces of ZSC30 as well as the original structure of the raw carbon fiber are characterized by HR-TEM as shown in Fig. 5 . The carbon fiber in ZSC30 has a typical non-ordered graphite structure of T800 carbon fiber [37] and the arrangement has no orderliness, which is similar to the original structure of the raw carbon fiber (Fig. 5(a) ), implying a poor degree of graphitization in carbon fiber. The results indicate that the low sintering temperature of 1450 ℃ does not damage the intrinsic structure of the carbon fiber. It can be seen clear interfaces between carbon fibers and ceramic matrix, and no reaction products are detected in the interfaces, which implies that the reactions between carbon fibers and ceramic matrix are successfully inhibited.
2 Mechanical properties
The relative densities and mechanical properties of ZrB 2 -SiC-C f composites are summarized in Table 2 . The relative densities of ZrB 2 -SiC-C f composites decrease as the fiber content increases, which is consistent with the microstructures of the samples. The results indicate that the addition of fibers has a negative effect on the densification of ZrB 2 -based ceramics, which might be attributed to the fiber bridging effect during hot pressing [38] . High relative densities of 98.2% and 97.1% are obtained for ZSC20 and ZSC30, respectively, much higher than those of ZSC40 and ZSC50 (85.7% and 80.4%, respectively), suggesting that an appropriate controlling of fiber content is essential to fabricate ZrB 2 -SiC-C f composites with high relative density. The relatively high density of ZSC20 is attributed to the nanosized ZrB 2 powders and the low carbon fiber content. On the one hand, the sinterability of the nanosized ZrB 2 powders is dramatically higher than that of their micron sized counterparts. On the other hand, fiber clumping generally occurs in ZrB 2 -SiC-C f composites when the carbon fiber content is more than 40 vol%, which would impede the densification of the composites during hot pressing process. From Fig. 2 , it is clearly seen that the carbon fibers are uniformly distributed in the ZrB 2 -SiC matrix without fiber clumping, suggesting that the addition of 20 vol% carbon fibers has minor effect on the densification of the ZrB 2 -SiC matrix. Thereby, a relatively high density is obtained for the sample ZSC20 compared to the other published papers [39, 40] .
The flexural strength of the ZrB 2 -SiC-C f composites decreases slightly from 375±18 MPa for ZSC20 to 325±12 MPa for ZSC30, while it decreases remarkably to 154±7 and 98±4 MPa for ZSC40 and ZSC50, respectively. The critical crack sizes of the ZrB 2 -SiC-C f composites as shown in Table 2 are calculated by the Griffith fracture criterion [41] based on fracture mechanism theory in terms of half crack length cr
where cr  is the critical crack size,  is the critical stress which would cause the propagation of a crack-like flaw, and IC K is the fracture toughness.
With the increasing fiber content, the critical crack sizes [41] , the fracture of brittle ceramics should result from the propagation of inherent flaws with sizes beyond the critical crack size, leading to the catastrophic failures of ceramics. Therefore, the increase in the critical crack size of ZrB 2 -SiC-C f composite is valuable to improve the resistance to crack propagation in this composite. Figure 6 displays the typical SEM images of crack propagation paths on the surfaces of ZSC30 under the fracture toughness and flexural strength testing. It is worth noting that the tested bars do not fracture into two parts after testing indicating that the composite has a great ability to avoid catastrophic breakage, which might be attributed to some toughening mechanisms, such as crack deflection, crack branching, fiber pullout, and fiber bridging as indicated by arrows in Fig. 6 . It is believed that these mechanisms, especially crack deflection, can extend the crack path and absorb crack-propagating energy [42] .
The effect of fiber content on the flexural stress-strain response of ZrB 2 -SiC-C f composites is displayed in Fig. 7 . As indicated, ZSC20 exhibits a typical brittle fracture mode, while ZSC30, ZSC40, and ZSC50 show non-brittle fracture mode. The failure strain of the composites significantly increases with the increasing fiber content, and it achieves 0.32% for ZSC50, about 3 times higher than that of ZSC20 (0.10%). Additionally, the elastic modulus of the composites (evaluated as the slope of the flexural stress-strain curve before fracture in Fig. 7 ) decreases with the increasing fiber content, which is beneficial to improve the thermal shock resistance of the composites [43] .
3 Thermal shock resistance
Considering that ZrB 2 -SiC-C f composites exhibit better mechanical properties when controlling the fiber content at 20-30 vol% as demonstrated above, ZSC20 and ZSC30 were selected to investigate their thermal shock resistance using water-quenching method. In a parallel test, the thermal shock behavior of ZrB 2 -20 vol% SiC containing 15 vol% graphite (G) composite which was reported to have a good thermal shock resistance [44] [45] [46] was also investigated as a reference. Figure 8 shows the residual strengths of ZrB 2 -SiC-G and ZrB 2 -SiC-C f composites after quenching at different temperature differences. As indicated, the residual strength of ZrB 2 -SiC-G composite decreases slightly as the temperature difference increases from 0 to 300 ℃, while it decreases sharply to 37% of the initial strength at a temperature difference of 400 ℃, and the critical temperature difference of this composite is 345 ℃ which is higher than that of ZrB 2 -SiC ceramics ( c T  = 290 ℃) [47] and lower than that of ZrB 2 -SiC f ceramics with Si 3 N 4 addition ( c T  =400-500 ℃) [48] . In contrast, the residual strength value almost keeps stable as the temperature difference increases from 0 to 500 ℃ and 600 ℃ for ZSC20 and ZSC30, respectively, and then reduces gradually with further increased temperature difference. Despite having a lower initial strength, the ZrB 2 -SiC-C f composite water-quenched at a temperature difference of 400 ℃ or above has a much higher residual strength than that of the ZrB 2 -SiC-G composite water-quenched at the same temperature difference.
A critical temperature difference of 570 ℃ is achieved for ZSC20, significantly higher than that of the ZrB 2 -SiC-G composite ( c T  =345 ℃). Surprisingly, the critical temperature difference of ZSC30 is up to 727 ℃, much higher than the reported values of the ZrB 2 -based UHTCs in previous literatures [47] [48] [49] [50] . In order to further understand the excellent thermal shock resistance of ZrB 2 -SiC-C f composite, the thermal stress damage resistance parameter ( R ) is used to evaluate the thermal shock stress crack propagation of ceramics [51] , represented by Eq. (2):
(1 )
where  is the tensile strength, E is the Young's modulus, f  is the fracture surface energy, and  is the Poisson's ratio. R indicates the resistance to catastrophic crack propagation of ceramics under a critical temperature difference. A higher IC / K  ratio rather than IC K value represents a greater resistance to catastrophic crack propagation during rapid quenching which would result in a better thermal shock resistance of material. Therefore, the increased IC / K  ratio of ZrB 2 -SiC-C f composite with increasing fiber content ( Table 2) should be responsible for the excellent thermal shock resistance of this composite. In addition, no micro-cracks are found on the surfaces of ZSC20 (not shown) and ZSC30 (shown in Fig. 9 ) after being water-quenched with different temperature differences, which also demonstrates that these composites have good resistance for crack initiation and crack propagation during rapid quenching.
4 Oxidation behavior
An appropriate controlling of the volume fraction of carbon fibers in the fabrication of ZrB 2 -SiC-C f composite is crucial to ensure a good oxidation resistance of the composite. In order to investigate the oxidation resistance of ZrB 2 -SiC-C f composite, ZSC30, ZSC40, and ZSC50 were selected and oxidized at 1500 ℃ in static air for 1 h. Figure 10 shows the microstructures of the surfaces and cross-sections of the samples after oxidation. As indicated in Figs. 10(a)-10(c), a dense SiO 2 layer (detected by EDS) is generated on the surfaces of ZSC30 and ZSC40, while some pores are clearly observed on the surface of ZSC50. Figures 10(d) and 10(e) further show that dense SiO 2 layers with thicknesses of 5-10 μm isolate the inner ZrB 2 -SiC-C f composites from the outer environment when the fiber content is controlled at 40 vol% or below, which could protect the composites from further oxidation. However, excessive oxidation occurs in ZrB 2 -SiC-C f composite containing 50 vol% C f because the protective SiO 2 layer falls off from a large area of the surface of the composite, leaving behind a porous ZrO 2 layer on the surface which could not protect the composite from further oxidation ( Fig. 10(f) ). Actually, the amount of the SiO 2 phase derived from the oxidation of SiC phase is sufficient to fill in the pores generated by the oxidation of carbon fibers existed on the surfaces of ZSC30 and ZSC40. However, a large body of pores on the surface of the composite could not be fully covered by the SiO 2 phase when 50 vol% carbon fibers are added. In the present study, ZrB 2 -SiC ceramics containing ~40 vol% C f exhibit excellent oxidation resistance, which provides great opportunities for the high temperature applications of these composites.
Conclusions
ZrB 2 -SiC-C f composites with 20-50 vol% carbon fibers uniformly distributed in ceramic matrix were successfully fabricated by hot pressing at 1450 ℃ using nanosized ZrB 2 powders (150 nm), in which the degradation of carbon fibers was effectively inhibited due to the low sintering temperature. The relative density of the composite was above 95% when the fiber content was below 30 vol%, while it decreased with further increase of fiber content.
The flexural strength and fracture toughness of ZrB 2 -SiC-C f composite decreased with increasing fiber content, while the calculated critical crack size and the pullout length of carbon fiber both increased significantly.
The critical temperature difference of the composite containing 30 vol% C f was up to 727 ℃, much higher than those of the reported ZrB 2 -based UHTCs, and the composite displayed a good oxidation resistance when controlling fiber content at 40 vol% or below.
This work indicates that low temperature hot pressing of nanosized powders provides great potential in preparation of carbon fiber reinforced ultra-high temperature ceramics with excellent properties.
